Background: The anaesthetic xenon shows potent organ-protective properties. Due to high density and dynamic viscosity, peak inspiratory pressure (P max ) increases during xenon application. Thus, barotrauma may counteract organ protection. Accordingly, we investigated the influence of xenon on lung mechanics and lung aeration in patients with normal and reduced thoracic wall compliance. Methods: After registration and ethical approval, 20 patients free of pulmonary disease undergoing routine xenon-based anaesthesia were mechanically ventilated. The primary outcome variable transpulmonary pressure (P tp ) was determined from plateau pressure and intraoesophageal pressure before and after xenon wash-in. We recorded P max , and calculated airway resistance (R AW ), and static (C stat ) and dynamic (C dyn ) respiratory compliances. Finally, lung aeration was quantified by electrical impedance tomography-derived centre of ventilation index (CVI) and global inhomogeneity index (GI) in the awake state, before and during xenon. 
Editor's key points
Xenon is much denser than air, but the effects on pulmonary mechanics during mechanical ventilation are unknown. Inhaled xenon 60% increased peak airway pressure and airway resistance, but transpulmonary pressure was unchanged. Altered distribution of ventilation after induction of anaesthesia was unaffected by xenon. These effects were similar in obese patients. These data do not support the concept of xenon-related barotrauma in healthy patients.
Mechanical ventilation at high volume and high inspiratory pressure is deleterious to the lungs in various animal models. 1, 2 In patients with injured lungs, mortality is decreased when peak inspiratory pressure (P max ) and tidal volume are restricted to 30 cm H 2 O and 6 ml kg À1 , respectively. 3 Also, in patients with healthy lungs, low tidal volumes in combination with PEEP have been beneficial. 4, 5 The success of these strategies is attributed to the reduction of transpulmonary pressure (P tp ), decreasing pulmonary mechanical stress, and barotrauma. 6 Secondly, the addition of PEEP and the use of recruitment manoeuvres counterbalance anaesthesia-related formation of atelectasis 7, 8 and reduces atelectasis-induced postoperative pulmonary complications. The noble gas xenon is an inhalation anaesthetic with cardioprotective, 9, 10 neuroprotective, 11e13 and nephroprotective 14, 15 properties. Moreover, xenon attenuates inflammatory stress in lung epithelial cells by activation of the hypoxia-inducible factor-1-alpha pathway and inhibition of apoptosis. 16 However, compared with air, xenon is characterised by peculiar physicodynamic properties: it has a 380% higher density and a 25% higher dynamic viscosity. In this context, an increase in P max is regularly observed when xenon is applied in mechanically ventilated patients. 17 However, it is unclear whether this is exclusively caused by viscositydependent prolongation of gas flow with a consecutive increase of airway resistance (R AW ) during inspiration, 18 or whether xenon actually increases P tp . In addition, inhalation of high-density gases may cause homogenisation of tidal volume distribution 19 and therefore counterbalance anaesthesiainduced atelectasis. Thus, we investigated the influence of xenon in mechanically ventilated patients during general anaesthesia on pulmonary mechanics and lung aeration. Since obesity-induced reduction of thoracic wall compliance both influences pulmonary mechanics 20, 21 and formation of atelectasis, 22 we differentiated these effects in obese and normal weight patients.
Methods
After registration at clinicaltrials.gov (NCT02682758) and ethical approval (Ethikkommission der Heinrich-Heine-Universit€ at Dü sseldorf, Germany, #5161R), 20 consecutive adult patients free of pulmonary disease undergoing routine xenon-based anaesthesia for elective surgery were included into this prospective study after written informed consent had been obtained. To study patients with normal and reduced thoracic wall compliance, patient inclusion was stratified by BMI, facilitating the inclusion of 10 patients with ), while the lungs were ventilated with 100% oxygen to wash-out residual nitrogen. When denitrogenation was complete (expiratory oxygen fraction >0.9), xenon (Xenon Pro Anaesthesia ® ; Air Liquide Deutschland GmbH, Dü sseldorf, Germany) wash-in was initiated. Because the minimum alveolar concentration (MAC) of xenon has finally been estimated as 51e69% inspiratory concentration 23 and the synergistic effect of remifentanil with xenon on the MAC has to date been poorly investigated, a targeted inspiratory xenon concentration of 60% was chosen as the standard anaesthesia regimen for all patients, reflecting the practice in previous trials. 24 After xenon wash-in, when all measurements were completed, propofol infusion was discontinued and anaesthesia was maintained with xenon and
, titrated to clinical needs) until the end of surgery.
Measurement of pulmonary mechanics
The primary outcome variable P tp , was derived from plateau pressure (P plat ) and intrapleural pressure, which was estimated from intraoesophageal pressure (P es ): after induction of anaesthesia, an intraoesophageal balloon catheter (adult oesophageal balloon catheter kit 5 French; CooperSurgical, Trumbull, CT, USA) was connected to a standard pressure transducer (MX960; Smiths Medical, Hythe, UK). The catheter was placed in the stomach and the balloon was inflated. This position was confirmed by gentle compression of the patient's abdomen with the observation of a corresponding pressure response. Next, the catheter was retracted to the lower third of the patient's oesophagus. Correct placement was confirmed by visualisation of cardiac artefacts in the catheter pressure curve and by artefacts caused by compression of the patient's thorax. P plat at end-inspiratory hold with corresponding P es was recorded (1) during initial propofol anaesthesia and (2) after completion of xenon wash-in. P tp was calculated as the difference of P plat eP es . P max was recorded continuously. Subsequently, static (C stat ) and dynamic (C dyn ) compliance of the respiratory system, and R AW were calculated. To differentiate between the direct effects of xenon on airway diameter and friction because of its high density (h) and viscosity (r), we adjusted R AW by the method used by Pedley and colleagues, 25 as suggested before. 18 To this end, a laminar flow model with a relative h of 1.09, and a mixed flow model with a relative (h*r) 
Measurement of lung aeration
Distribution of the applied tidal volume was assessed by electrical impedance tomography (EIT, PulmoVista ® 500;
Dr€ agerwerk AG & Co., Lü beck, Germany). 7,26e28 Upon arrival at the operation theatre, the patient was equipped with a 16 electrode silicone EIT belt, placed between the 4th and 5th intercostal space. A maximum impedance of 300 U for each electrode was tolerated. Image frequency was set to 20 Hz with automatic operating frequency of the EIT system. Then, the patient was prompted to breathe calmly and evenly, and a baseline recording was conducted for 1 min. After intubation, a second 1-min recording was conducted during initial anaesthesia maintenance with propofol and remifentanil and a third recording after completion of xenon wash-in. The 32Â32 pixels raw EIT recordings were imported to the EIT data analysis tool 6.1 (Dr€ agerwerk AG & Co, Lü beck, Germany). First, a 50 min À1 low pass filter was applied to separate impedance changes caused by heart activity. Then, end-expiratory to endinspiratory impedance changes were calculated for every breathing cycle. The resulting tidal images within the 1-min recording period were then averaged to generate a functional EIT (fEIT) minute image, which was exported as ASCII to Excel 2016 (Microsoft Corporation, Redmond, WA, USA).
To quantify the distribution of ventilation in the dorsoventral direction for every single of the three abovementioned time points, the centre of ventilation index (CVI) was calculated from fEIT minute images as described before. 7, 26, 27 First, the ventilated lung area was identified with application of a 20% threshold from maximum impedance change. 7, 29, 30 Then, the relative impedance changes per row of the fEIT image were added and the weighted average of the resulting dorsoventral histogram was calculated, representing the CVI with a minimum value of 0 and a maximum value of 1. By definition, values of more than 0.5 represent a more ventral distribution of tidal volume, while values less than 0.5 represent a dorsal distribution. Homogeneity of lung aeration was quantified with the global inhomogeneity index (GI) as described before. 28 In brief, this index quantifies the variance of impedance changes throughout the fEIT minute image as the normalised sum of the differences from the images' median impedance change for every single pixel.
Statistical analysis and sample size estimation
We conducted an a priori sample size estimation, based on the primary outcome P tp , resulting in a required sample size of seven patients to detect a 20% increase in P tp with a power of 80%. To compensate for failed measurements (e.g. because of failure of placement of oesophageal catheters), we increased the sample size to 10 patients per group. Means and standard deviations were calculated for all variables. Since measurements of lung mechanics were conducted at two time points (during propofol and during xenon), a paired t-test was applied for these outcomes. For measurements of lung aeration, which were conducted at three time points (before induction, during propofol, and during xenon), a repeated measures analysis of variance (ANOVA) with post hoc DunneSidak test was applied. Additionally, a mixed ANOVA was conducted for analysis of the subgroups of patients with BMI<25 and BMI>30 kg m À2 . To reduce the number of statistical tests, subgroup analyses were only conducted for P tp , P max , CVI, and GI. A two-tailed P-value of 0.05 was considered to be statically significant. , P¼0.04). In all patients, and in the BMI subgroups, xenon wash-in to 60% inspiratory concentrations had no significant effect on P tp (Fig 1) . P max increased by 9 (6)% from 20. (20) 3 (30) 1 (10) Vascular 1 (5) 0 (0) 1 (10) patients. The increase in P max was accompanied by a significant 54 (25)% increase in R AW after xenon wash-in, which was further reflected by an 8 (8)% decrease in C dyn with no alteration of C stat (Fig 2) . Adjustment of R AW by density and viscosity of the gas mixture resulted in a decrease of R AW after xenon inhalation, when a mixed flow model was applied (Table 2) .
Influences on lung aeration
Induction of anaesthesia significantly decreased ventilation in the dorsal half of the fEIT minute image [ventilated lung area 153 (41) vs 95 (63) pixels, P<0.001], while total ventilated lung area remained unchanged [324 (66) vs 288 (85) pixels, P¼0.08). This was reflected by a significant shift of CVI towards ventral lung regions (Fig 3) . This effect was more pronounced in patients with a BMI>30 than patients with a BMI<25 [CVI þ15 (0.5) vs þ10 (0.5)%, mixed ANOVA interaction P¼0.043). After xenon wash-in, there was no change in CVI in the overall patient collective and in patients with a BMI<25 kg m À2 (Fig 3) . In patients with a BMI>30 kg m À2 , CVI was decreased by 1 (0.6)% after xenon wash-in. Xenon wash-in had no effect on total ventilated lung area in the whole fEIT minute image [288 (85) vs 289 (86) . Induction of anaesthesia significantly increased ventilation inhomogeneity, which remained unchanged after xenon wash-in (Fig 4) .
Discussion
In this study, we demonstrate that wash-in of 60% xenon increases peak inspiratory pressure and airway resistance but does not affect transpulmonary pressure. Induction of anaesthesia results in a ventral shift of tidal volume distribution that is accompanied by increased inhomogeneity of lung aeration. Xenon administration does not alter these effects.
Influences on pulmonary mechanics
In principle, the increase in P max during administration of xenon in mechanically ventilated patients may be attributable to the following general mechanisms: (1) an increase in alveolar pressure that in turn increases P max and P tp (e.g. because of air trapping with overdistension of dependent lung areas or formation of atelectasis); and (2) an increase in R AW . In our study, we neither observed an increase in P tp , nor in alveolar pressure (which was assessed by P plat ) after xenon wash-in. Also, lung aeration was practically identical during propofol and xenon. However, our results indicate a 52% increase of R AW after xenon wash-in. Thus, we did not find any evidence for xenon-induced increase in alveolar pressure or P tp , and we conclude that the increase in P max during xenon application is attributable to an increase in R AW . Since the noble gas is characterised by a high density and viscosity, this effect is further attributable to an increased friction at the airway walls. However, additional effects such as xenon-induced alterations in bronchial diameter must be considered as well. 18 To this end, we adjusted the measured R AW for xenon's physical properties. 25 We found that, after mathematically eliminating the effect on airway friction, R AW was decreased by 15%, confirming the findings of Baumert and colleagues 18 in a pig model. This suggests that xenon might even cause slight bronchodilation, which can be explained by the fact that xenon increases systemic catecholamine concentrations, 32 facilitating bronchodilation via activation of b 2 receptors.
However, apparently friction-induced increase in R AW outweighs xenon's bronchodilatatory effects, resulting in a net increase of R AW . Therefore, xenon application may aggravate clinical signs of airway obstruction (e.g. in patients with chronic obstructive pulmonary disease or status asthmaticus). We did not find any influence of xenon on transpulmonary pressure. Thus, in clinical routine, an increase in P max after xenon wash-in can be tolerated without fearing xenoninduced barotrauma. Notably, the 9% increase of P max in our study seems rather moderate compared with other studies reporting a 35% increase of P max during xenon. 17 This difference may be explained by the fact that, in the study of Rueckoldt and colleagues, 17 14 out of 37 patients reported a history of pulmonary disease and baseline inspiratory pressures were already very high (37 cm H 2 O). Also, the authors applied a higher inspiratory flow as compared with our study (0.56 vs 0.34 litre s À1 ), that may have aggravated airway friction and further increased P max .
We are aware that our reported absolute P tp values are comparably low. This finding can be explained by the fact that intraoesophageal pressure, which is subtracted from P plat to calculate P tp , is influenced by the weight of the heart. 33 Therefore, a correction is applied to subtract cardiac weight from measured P es , whereas this correction always results in higher P tp values. To this end, two methods have been proposed: (1) measurement of a resting P es at maximum expiration and subsequent subtraction of resting P es from P es at endinspiration 34, 35 or (2) general subtraction of 5 cm H 2 O. 33, 36 The first method leads to very high estimation of the absolute P tp , while the second method is used when realistic estimation of the absolute P tp is aimed for. However, the general subtraction of 5 cm H 2 O would have been made at both time points evenly. Since we were interested in the change in P tp rather than absolute values, we decided not to adjust measured P es by cardiac weight, which would have had no influence on our results.
Influences on lung aeration
We were unable to detect any effect of xenon inhalation on homogeneity of lung aeration. Also, there was no general effect on tidal volume distribution, as measured by CVI. Only in obese patients, we observed a marginal re-dorsalisation of tidal volume, but the effect was less than 1%. In 1976, Wood and colleagues 19 hypothesised that inhalation of high-density gases homogenises tidal volume distribution. Furthermore, increased oxygenation has been reported during xenon anaesthesia. 37 Therefore, we hypothesised that by prolonging expiration, xenon produces intrinsic PEEP in dependent lung areas, leading to recruitment of atelectatic lung and prevention of collapse in lung areas at risk. The fact that we did not observe any influence on lung aeration may be explained by the fact that assessments were made shortly after xenon wash-in was completed, leaving not enough time for xenon to counterbalance anaesthesia-induced formation of atelectasis. 7, 27 Indeed, improvement of oxygenation in obese patients undergoing xenon anaesthesia only becomes evident 1 h after induction of anaesthesia. 37 Taken together, we show that xenon does not exert any immediate effects on lung aeration, but our data encourage further investigations after longer duration of xenon application. In summary, we do not have any indications for xenonrelated barotrauma despite increased inspiratory pressures during mechanical ventilation with xenon.
Limitations
We compared lung mechanics during propofol anaesthesia before and after xenon wash-in at two different, consecutive time points. We chose this design because 1. It reflects the clinical procedure of routine xenon-based anaesthesia and 2. Selecting an inhalation anaesthetic as control compromises the isolation of xenon-induced effects as all inhalation anaesthetics alter either airway resistance or lung aeration. Hence, when compared with volatile anaesthetics (e.g. isoflurane, sevoflurane), the xenon-induced increase of airway resistance may be overestimated because of bronchodilation associated with these substances. Moreover, while nitrous oxide does not alter bronchial diameter, it may cause pulmonary atelectasis associated with its uptake. 42 Accordingly, we wanted to exclude another variable on pulmonary aeration making evaluation of xenon-induced effects more difficult. Still, our study design is subject to time-dependent influences such as fading neuromuscular relaxation, changes in arterial and alveolar CO 2 concentration, alterations in bronchial mucosa thickness, and others. To control these influences, we kept the interval between the two measurements as short as possible, controlled neuromuscular relaxation and expiratory CO 2 values, and completed all measurements before surgery.
We investigated the effects of xenon on pulmonary mechanics and pulmonary aeration in patients free of pulmonary disease before surgery was initiated. Also, our patients were on average 53 yr old. Therefore, nothing can be said on the influence of xenon application in patients with pulmonary disease such as chronic bronchial obstruction or the acute respiratory distress syndrome, and elderly patients. Of interest, Abramo and colleagues 37 have shown that xenon enhances oxygenation in morbidly obese patients, possibly because of prevention of atelectasis, encouraging further investigations in patients undergoing surgery with high risk for atelectasis and postoperative pulmonary complications, such as upper abdominal surgery. Declaration of interest P.K. has been consulting for Baxter GmbH Germany, Air Liquide Medical GmbH Germany, and TEVA Ratiopharm Germany and received lecture fees and travelling expenses from these companies. He is an Associate Editor of BMC Anesthesiology.
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